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ScienceDirectTrait exaggeration, well known to naturalists and evolutionary
biologists, has recently become a prominent research subject
in the modern field of Evolutionary Developmental Biology. A
large number of traits that can be considered as cases of
exaggeration exist in nature. Yet, the field has almost
exclusively focused on the study of growth-related
exaggerated traits in a selection of holometabolous insects.
The absence of the hemimetabola from studies of exaggeration
leaves a significant gap in our understanding of the
development and evolution of such traits. Here we argue that
efforts to understand the mechanisms of trait exaggeration
would benefit from expanding the study subjects to include
other kinds of exaggeration and other model species.
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Background
Extravagant or exaggerated phenotypes have fascinated
naturalists for centuries and have become one of the main
foci in the modern field of Evolutionary Developmental
Biology (Evo-Devo) [1,2,3,4]. Some of these pheno-
types can reach degrees of expression so high that the
individuals bearing them become almost unrecognizable
as members of the same species [5,6]. Exaggerated phe-
notypes offer an unequalled opportunity to understand
not only the development of exaggeration but also the
developmental processes underlying intra-species pheno-
typic variability [7–12]. The bias of Evo-Devo towards
the study of the developmental genetic mechanisms
underlying morphological evolution directed the fieldCurrent Opinion in Genetics & Development 2016, 39:14–20 towards exaggeration of growth-related morphological
traits. Furthermore, a large proportion of Evo-Devo stud-
ies that deal with exaggeration use holometabolous
insects [1,3,8,13,14]. Recent advances in the transfer of
various technical tools to a large number of non standard
models have alleviated one of the main hurdles to
expanding studies of trait exaggeration beyond classical
models. These include gene function analyses using RNA
interference, germline transformation, as well as the
accumulation of large sequence datasets [1,4,15–19]. De-
spite this progress in bringing natural models within the
reach of experimental manipulation, the emphasis on
holometabolous insects still persists. We think this focus
stems from the fact that most of our knowledge about the
developmental genetic processes that regulate growth in
insects comes from research in the fly Drosophila and the
moth Manduca [20–22,23,24–27]. These two biases leave
certain gaps in our understanding of how trait exaggera-
tion evolves and make it difficult for the field to come to
generalizable conclusions about the underlying develop-
mental and evolutionary mechanisms. In this review, we
try to draw attention to the high diversity in the ways
exaggeration can manifest itself (Figure 1) and outline
research directions towards inclusive approaches to study
its evolution.
Trait exaggeration and sexual selection
Charles Darwin was one of the first to put the concept of
trait exaggeration in an evolutionary framework by
explaining how such phenotypes can emerge under sex-
ual selection [6]. Since Darwin’s description, exaggerated
traits have remained associated with two main compo-
nents: a comparative reference allowing the trait to be
defined as exaggerated sensu stricto and an evolutionary
component explaining the origin and maintenance of
such exaggeration [5,28]. In the context of sexual selec-
tion, exaggeration describes traits that look extravagant in
one sex compared to the other and that present seemingly
inevitable costs, in terms of survival, to the bearer of the
exaggerated trait [5,6]. These survival costs are theorized
to be largely balanced by opposing benefits due to in-
creased mating success [2,5,29,30], thus allowing the
trait to evolve and maintain exaggerated degrees of
expression (Figure 2a). In this case, trait exaggeration
is a reflection of the imbalance, in terms of costs and
benefits, between survivorship and mating success, which
represent two of the three main components of fitness
(Figure 2) [31]. Although survival costs and mating ben-
efits are seldom clear, the cost-based definition of trait
exaggeration is widely used in the field of sexual selectionwww.sciencedirect.com
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Examples of morphological, behavioural and physiological exaggerations. (a) Males of the pond skater Microvelia longipes exhibit exaggerated leg
length relative to females. (b) Males of the Rhinoceros beetle Trypoxylus dichotomus develop exaggerated horns size (modified from Ref. [1] with
permission from Science). (c) Male-specific color pattern in Guppies. (d, e) Male peacock spider (d, modified from Ref. [36] with permission from
Current Biology) and bird of paradise (e, modified from Ref. [39], with permission from PNAS) exhibiting bright coloration and performing nuptial
dance. (f) Guarding behaviour in males of the water strider Limnogonus fransciscanus. (g) Male suicide behaviour in the red back spider.
Ken Jones, copy right M. Andrade, modified from Ref. [35] with permission from Current Biology.
Figure 2
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Effect of various types of trait exaggeration on fitness components. Usually, negative effects on one fitness components are compensated by
gains from another component (a, b) or from a sub-section of the same component (c). Plus signs indicate benefits and minus signs costs.
Images: (a) elaborated male antennae in the water strider Rheumatobates riley [2], (b) enlarged abdomen of termite queen (Photo credit: Judith
Korb) [82], and (c) elongated legs of the water strider Metrobates hesperius [16].[5,6,9,10], (but see [32]). Exaggerated sexually selected
traits can represent modifications in any kind of pheno-
type (Figure 1), yet most studies in Evo-Devo focus on
structural exaggerations, including horns and mandibleswww.sciencedirect.com in a number of beetles or stalks in stalk-eyed flies
[1,8,13,14]. Exaggerations affecting behaviour and colora-
tion are quite widespread [5], but they have received little
attention in Evo-Devo. In many spiders, for example,Current Opinion in Genetics & Development 2016, 39:14–20
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after mating [29,33,34]. This suicide behaviour repre-
sents an extreme and obvious case of exaggeration, as it
ends the male’s survivorship on the spot. However, this
male suicide behaviour increases the chances that the egg
clutch, laid by the female (after having consumed the
male), is fertilised by his sperm. This provides a hypothesis
to explain the evolution and maintenance of such an
extreme case of exaggeration [29,33,34,35]. Other cases
include bright coloration found in many arthropods, birds,
and fishes [36,37,38,39] (Figure 1) and that can be asso-
ciated with heightened predation risk [38,40–42]. The
cost due to predation is balanced by benefits due to
increased mating success [5,38,40] (Figure 2a).
Other types of trait exaggeration
Ever since the description of exaggeration in the context of
sexual selection [6], the concept has evolved to include
additional cases of exaggeration that are thought to be under
natural and social selection [28] (Figure 2b and c). The
comparative reference in these cases of exaggeration can be
defined as the ancestral state of the trait, the expression of
the trait in another caste (in the case of social insects), or as
the state of trait expression in a homologous counterpart
along the body axis [8,28,43–45]. For example, a number
of crabs exhibit extreme growth of one claw-bearing ap-
pendage relative to the same appendage on the other side of
the body [43,45]. This asymmetry represents an example of
trait exaggeration based on growth differences between the
left and the right structures of the same serial homolog. In
the reproductive caste of social insects, females, also known
as queens, exhibit extreme ovarian activity at the expense of
their ability to forage or escape predation, and therefore at
the expense of survivorship (Figure 2b) [46–49]. Extreme
cases are known in termites and army ants [46,49], where
females are entirely dependent on the care provided by
their nestmates. Such exaggerated degrees of fecundity can
only evolve in a social context where other colony member
are able to fulfill survivorship-related tasks (Figure 2b) [46].
The insect family Gerridae, also known as water striders,
have significantly longer legs compared to member of their
immediate sister group the Veliidae [16,17,50,51]. Leg
length in water striders can be considered a case of phylo-
genetic exaggeration. In this case, natural selection alone
(except in cases where leg length is under sexual selection)
appears to explain increased expression of this trait due to
the requirement of locomotion on fluid surfaces (Figure 2c)
[50–53].
Developmental mechanisms associated with
trait exaggeration
Most recent studies of the developmental genetic mecha-
nisms underlying trait exaggeration have focused on sexu-
ally selected growth related traits that are hypervariable
between individuals of the same sex and that are used as
signals [1,8,14,28,44]. This focus quickly steered the field
towards analyzing various growth pathways, and a numberCurrent Opinion in Genetics & Development 2016, 39:14–20 of reviews, with highly valuable syntheses on the mecha-
nisms of growth and scaling relationships, were written,
and we do not whish to repeat their content here
[8,13,24,28,44,54–57]. We will briefly outline, however,
aspects of trait exaggeration that have been less discussed,
or for which we still lack a comprehensive understanding of
the underlying developmental mechanisms.
Growth pathways and their role in non-variable
exaggerations
Several recent experiments, especially in horned and stag
beetles, have identified pathways such as the Insulin-like
or Juvenile Hormone pathways as being involved in the
development and hyper-variability of morphological
cases of sexually selected trait exaggeration [1,58–60].
Increased tissue sensitivity to these pathways presents a
major way for growth-related exaggerated traits to devel-
op and evolve. However the contribution of these path-
ways to exaggerated traits with low variability between
individuals is still not clearly defined. Whether variable
or not, tissue growth requires the action of growth path-
ways, such as Insulin-like signalling, and differences in
growth rates across tissues are modulated through differ-
ences in their sensitivity to hormonal input [1,23,54].
Examples of growth-related exaggerated traits that are
not variable between individuals of the same population
exist in nature [2,16,17,61] and their development
likely requires input from growth pathways. In the super-
soldiers of the ant genus Pheidole, the development of
exaggerated head size depends on the Juvenile Hormone
pathway despite the low variation observed among indi-
viduals of this caste [61]. It would be, however, inter-
esting to test whether this increased sensitivity is a
general feature of non-variable exaggerated traits. In this
case, growth pathways would be important for exagger-
ated morphological trait regardless of their degree of
variability.
How would exaggerated non-growth-related traits
develop?
The wealth of exaggerated traits that do not involve
growth raises the question of the nature of the underlying
cellular and developmental mechanisms. These include,
for example, extravagant colorations in a large number of
arthropods, fishes and birds, or the variety of mating
behaviors such as courtship dances, mating calls, male
fights, mate guarding, and male suicide (Figure 1) [5].
These types of trait exaggeration have received little
attention in Evo-Devo, and we argue that the develop-
mental mechanisms of these traits will primarily depend
on cell lineage specification. For example, exaggerations
involving color patterns should invoke processes of pig-
ment cell lineage specification. In zebrafish, pigment cell
lineage specification is critical to both the development
and evolution of coloration patterns [62,63], and similar
processes seem to be at play for the development and
evolution of exaggerated coloration in fishes such aswww.sciencedirect.com
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gene sphinx controls male courtship, and variation in the
levels of sphinx expression is associated with variation in
courtship [66,67]. This suggests that changes in the
processes of cell lineage specification can be associated
with variation in behavioral trait expression. Similarly, the
developmental and evolutionary mechanisms underlying
the emergence of some extreme behaviors, such as male
suicide in spiders [34] or male guarding in water striders
[68,69], are unlikely to be associated with growth path-
ways. We therefore suggest that differences in neuron
differentiation, neuron signalling and/or neuron wiring
may represent key processes underlying the development
and evolution of a variety of exaggerated mating beha-
viours. However, development aside, behavioral exag-
gerations are often associated with high-energy
expenditure in the adult [38,70,71]. For example, in
the beetle Onthophagus taurus, low condition males
(starved during adulthood) have a significantly lower
courtship rate than males presented with food [71].
The molecular pathways involved in providing the energy
necessary for these traits have not formally been tested,
but growth pathways constitute natural candidates.
The role of patterning genes in the development of
exaggerated sexually selected traits
The role of patterning genes in the development of
exaggerated traits that are subject to natural selection
(such as the long legs of water striders or crickets) is now
accepted in the Evo-Devo field [17,28]. However their
importance in the development and evolution of exag-
gerated traits that are under sexual selection remains
unclear. Although rare, some studies have shown the
importance of patterning genes in exaggerated sexually
selected traits such as the modified antennae of the water
strider Rheumatobates rileyi or the elongated tail of the
swordtail fish Xiphophorus helleri [72]. Genes like msxC,
which is a transcription factor involved in cell differenti-
ation, have restricted temporal and spatial expression, in
addition to being controlled by hormonal pathways, and
may therefore contribute to the quantitative intra-sexual
variation observed in tail length of swordtail fish [72].
Furthermore, a recent study implicated the Hedgehog
signaling pathway in the polymorphic horn size in the
beetle O. taurus [73]. Processes of growth and pattern
formation are tightly linked and their relative contribu-
tion could depend on the function and/or the selective
pressures acting on the trait. Exploring this question
using different model systems and different kinds of
traits may expand our understanding of the developmen-
tal mechanisms controlling trait exaggeration.
Including other model systems in the study of
trait exaggeration
We have argued that exaggeration can manifest itself in
all kinds of traits and is represented in a variety of species.
The focus on impressive morphological traits in a smallwww.sciencedirect.com selection of holometabolous insects is probably due to the
large body of growth regulation work already established
in the fly Drosophila and the moth Manduca [20–
22,23,24–27,55]. Expanding studies to other types of
trait exaggeration and model species should help build
a more comprehensive understanding of the development
and evolution of exaggerated phenotypes. This includes,
for example, coloration in fish and birds, which can take
advantage of existing established models such as zebra-
fish and chicken [63,74]. Similarly the developmental
genetics of behavioral exaggerations are understudied
and focus primarily on courtship behavior in Drosophila
while many other types of mating behaviors exist in
nature [75,76]. The semi aquatic bugs (Heteroptera,
Gerromorpha) are a promising model system in this field
of research as they present diverse and ecologically well-
characterized mating systems such as courtship beha-
viors, male fighting, female pre-mating struggle, or male
guarding [30,50,68,77,78], as well as genetic tools similar
to those developed in horned-beetles or stalk-eyed flies
[2,16–19,51,79]. Furthermore, hemimetabolous
insects are likely to add a different perspective to the
study of trait exaggeration even when considering mor-
phological traits, because of the differences in their
mode of development [80]. For example, many mor-
phological exaggerations  in hemimetabolous insects
affect structures that are vital for the juveniles, such
as legs and antennae [2,81]. These structures, unlike
in holometabolous systems, are specified and patterned
in the embryo in preparation for a full function in the
nymph. Therefore, the same rules governing the devel-
opment and evolution of trait exaggeration may not
always apply to both systems. The contribution of
well-established model systems, the generalization of
certain experimental tools and the ease of obtaining
sequence resources in non-standard models, should
help complement the current state of our understanding
of the genetic mechanisms through which trait exagger-
ation can develop and evolve.
Conclusions
Trait exaggeration is widespread in nature and can mani-
fest itself in a large variety of phenotypes. The concept of
trait exaggeration includes a certain amount of subjectivity,
which can be attenuated by considering the concept as a
continuum with degrees of exaggeration. A better under-
standing of the processes underlying the development and
evolution of exaggerated traits would greatly benefit from
highlighting three main aspects: firstly, exaggerated traits
are better understood if we have a good understanding of
how they affect various fitness components, and therefore
the nature of selection acting on them; secondly, including
other types of exaggeration, in addition to growth-related
ones, and thirdly, including various model systems exhi-
biting cases of trait exaggeration, should help build a more
comprehensive picture of the developmental and evolu-
tionary mechanisms associated with their emergence.Current Opinion in Genetics & Development 2016, 39:14–20
18 Developmental mechanisms, patterning and evolutionIntegrating these aspects is likely to align the field of Evo-
Devo with the fields of ecology and evolution, and would
help integrate the impressive knowledge in organismal
biology to better understand the various mechanisms un-
derlying phenotypic evolution.
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